Introduction
============

Despite all efforts of neuroscience community, stroke still remains a major cause of death and disability worldwide that contributes to the rising costs of health care.[@b1-ijn-11-3035] Nowadays, thrombolytic treatment with the tissue plasminogen activator agent is the only existing pharmacological therapy for the acute phase of stroke.[@b2-ijn-11-3035] Thus, the need to find efficient neuroprotectant drugs with minimal side effects is becoming an urgency.

Many studies have shown the beneficial effects of simvastatin statin known as 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors when administered before or after ischemic stroke in animals as well as in decreasing the incidence of stroke in patients.[@b3-ijn-11-3035]--[@b6-ijn-11-3035] The benefits of statins in cerebral ischemia have not been attributed to their cholesterol-lowering therapeutic actions. Alternatively, pleiotropic effects seem to be implicated in their protective role in stroke.[@b7-ijn-11-3035],[@b8-ijn-11-3035] Nevertheless, high-dose statin-based therapy in humans has been associated with infrequent but undesirable side effects such as myopathy, rhabdomyolysis, and elevated hepatic transaminases.[@b9-ijn-11-3035] In this sense, the use of drug delivery systems such as liposomes is being seriously considered in order to reduce the side effects by site-selected delivery of the drug.[@b10-ijn-11-3035] In spite of simvastatin being able to cross the blood--brain barrier (BBB) per se due to its lipophilic condition and its molecular weight (418 kDa), it exhibits poor bioavailability.[@b11-ijn-11-3035] Furthermore, it has been reported that BBB disruption occurs at an early stage after cerebral occlusion, allowing macromolecules to pass through the spaces between capillary endothelial cells.[@b12-ijn-11-3035] Accordingly, nanoparticles might also be able to leak into brain parenchyma during the acute phase of cerebral ischemia. Interestingly, Sahagun et al[@b13-ijn-11-3035] suggested that both size and charge of drug carriers are important in determining net brain permeation.

Here, our hypothesis is that the bioavailability of simvastatin can be enhanced when it is encapsulated into liposomes, optimizing the opportunities to reach the ischemic brain and increasing the neuroprotective effect, while making the drug safer. To this end, in this study, we explored and characterized the tissue internalization patterns of liposomes presenting different net surface charges. From this study, we assessed how simvastatin encapsulated into neutral liposomes is the best candidate to reach the rat ischemic brain compared to the administration of the free drug.

Materials and methods
=====================

Ethics statement
----------------

All procedures were approved by the Ethics Committee for Animal Experimentation of the Vall d'Hebron Research Institute (protocol numbers 01/13 and 58/13) and conducted in compliance with the Spanish legislation and in accordance with the Directives of the European Union. In all experiments, male Wistar rats (270--300 g; Charles River Laboratories Inc., Wilmington, MA, USA) were used. Rats were kept in a climate-controlled environment on a 12-hour light/12-hour dark cycle. Food and water were available ad libitum, and analgesia (buprenorphine 0.05 mg/kg subcutaneous (sc); Divasa Farma-Vic S.A., Barcelona, Spain) was given to all rats before starting the surgical procedure to minimize their pain and discomfort.

Intraluminal transitory middle cerebral arterial occlusion
----------------------------------------------------------

Regional cerebral blood flow was monitored during the surgery with a laser Doppler probe (Moor Instruments, Devon, UK), and to that end, cranial trepanation was performed the day before middle cerebral arterial occlusion (MCAO) surgery. In summary, animals under isoflurane (Abbott Laboratories, Abbott Park, IL, USA) effects were placed in a stereotactic table, and using a drill of 1 mm in diameter, a hole was made in the skull, above the region irrigated by middle cerebral artery (MCA).[@b14-ijn-11-3035]

Infarction in the territory of the MCA was induced by introducing an intraluminal filament, as described previously.[@b14-ijn-11-3035] Animals were anesthetized under spontaneous respiration with isoflurane in oxygen during surgery, and body temperature was maintained at 37°C using a heating pad connected to a rectal probe. In brief, after surgical exposure of the bifurcation of the external carotid artery and the internal carotid artery on the right side, a silicone-coated nylon monofilament (Doccol Corporation, Sharon, MA, USA, reference number: 403723PK10) was introduced to occlude the MCA. After occlusion, animals were allowed to recover from anesthesia. Reperfusion was induced 90 minutes later, and to this end, animals were re-anesthetized.

Only animals that exhibited a reduction of \>75% in regional cerebral blood flow after filament placement and a recovery of \>75% after filament removal were included in the study. Sham-operated rats were submitted to the same experimental surgery without filament insertion, whereas naïve rats did not receive any surgical procedure. Analgesia was administered just after cranial trepanation and also after MCAO or sham surgery.

Experimental design
-------------------

A total of 103 animals were needed to complete the study; 45 animals were used to characterize different liposome lipid compositions and 58 were used to evaluate brain simvastatin distribution through ultra-high-protein liquid chromatography (UHPLC). A flow chart has been designed in order to justify the excluded animals and the criteria established ([Figure 1](#f1-ijn-11-3035){ref-type="fig"}).

Neurological evaluation
-----------------------

Rats were assessed using a nine-point neurological deficit scale (modified Bederson test), as previously described.[@b15-ijn-11-3035] Four consecutive tests were conducted: 1) spontaneous activity (moving and exploring =0, moving without exploring =1, no moving or moving only when pulled by the tail =2); 2) left drifting during displacement (none =0, drifting only when elevated by the tail and pushed or pulled =1, spontaneous drifting =2, circling without displacement or spinning =3); 3) parachute reflex (symmetrical =0, asymmetrical =1, contralateral \[CL\] forelimb retracted =2); and 4) resistance to left forepaw stretching (stretching not allowed =0, stretching allowed after some attempts =1, no resistance =2). Neurological score was assessed in a blinded manner at 90 minutes. Scores \>3 enabled us to ensure that animals were infarcted.

Simvastatin activation
----------------------

In all experiments, simvastatin was used in its activated form. Simvastatin is a lactone prodrug that is activated by opening the lactone ring to its β-hydroxy acid form by hydrolysis in a strong alkaline medium.[@b16-ijn-11-3035] For activation, simvastatin was first dissolved in vehicle (distilled H~2~O \[75%\], absolute ethanol \[10%\], and 0.1 M NaOH \[15%\]). Then, the solution was incubated at 50°C for 2 hours adjusting the pH at 7.2. To verify the activation of simvastatin, Fourier transform infrared spectroscopy analysis was used. In this study, we focused on examining the frequency range from 3,000 cm^−1^ to 3,700 cm^−1^ to verify the formation of multiple hydroxyl groups in the active simvastatin form.

Liposome formulation and characterization
-----------------------------------------

1,2-Didodecanoyl-*sn*-glycero-3-phosphocholine (DLPC) was purchased from Lipoid, Steinhausen, Switzerland. Cholesterol, cholesteryl--polyethylene glycol 600 sebacate (CHOL--PEG), and 1,2-dioleoyl-*sn*-glycero-3-phosphoric acid monosodium salt (DOPA−) were purchased from Sigma Aldrich Co. (St Louis, MO, USA). Cholesteryl 3β-*N*-(dimethylaminoethyl) carbamate hydrochloride (CHOL+) and 1,2-dioleoyl-*sn*-glycero-3-phosphoethanolamine (DOPE) were supplied by Avanti Polar Lipids (Alabaster, AL, USA). Alexa Fluor 750 (AF750) in its succinimidyl ester form was purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Differently charged liposomes (positive, negative, and neutral) were prepared using the thin film hydration method with some modifications.[@b17-ijn-11-3035],[@b18-ijn-11-3035] Briefly, DLPC, CHOL, CHOL+, CHOL--PEG, and DOPA were dissolved in chloroform solutions (100 mg/mL) and mixed at the desired molar ratios under sterile conditions ([Table 1](#t1-ijn-11-3035){ref-type="table"}). The final concentration of lipid was 28 mM. The organic solvent was then evaporated under vacuum and nitrogen to obtain a dry lipid film. Afterward, the film was hydrated with the appropriate buffer (phosphate-buffered saline or 6 mg/mL solution of active simvastatin in water). The resulting lipid suspension was then vigorously shaken, and the liposomes obtained were homogenized by means of an extruder (Lipex Biomembranes, Vancouver, BC, Canada) through a polycarbonate membrane (200 nm pore size) to finally obtain small unilamellar vesicles (SUVs).

Simvastatin encapsulation efficiency was calculated according to the equation EE (%) = \[(*C*~total~ − *C*~free~)/*C*~total~\] ×100, where *C*~total~ is the initial simvastatin concentration and *C*~free~ is the concentration of nonencapsulated simvastatin. To quantify *C*~free~, liposomes were centrifuged and aliquots of supernatant were analyzed by UV--vis spectroscopy using a Nanodrop ND-1000 (Thermo Fisher Scientific). Mean absorbance values were introduced in a standard calibration curve for the estimation of *C*~free~ simvastatin. Liposome integrity was checked by dynamic light scattering and cryogenic transmission electron microscopy (JEOL-JEM 1400 microscope; JEOL, Tokyo, Japan). Particle size distributions by dynamic light scattering and the superficial charge of liposomes -- expressed as zeta potential (*ζ*) -- were measured using Malvern Zetasizer (Malvern Instruments, Malvern, UK) in undiluted samples. The value of zeta potential of simvastatin-loaded liposomes was measured after removing the nonencapsulated simvastatin from preparations by ultracentrifugation at 110,000× *g* for 30 minutes at 10°C.

Liposome biodistribution
------------------------

To monitor distribution in the rat body, liposomes were fluorescently labeled with AF750 (catalog no: A-20011; Thermo Fisher Scientific). To this end, AF750 succinimidyl ester and DOPE-NH~2~ were conjugated as previously described.[@b19-ijn-11-3035] Only conjugated AF750 was detected by thin-layer chromatography (*R*~f~ =0.6), indicating that conjugation was complete. The fluorescent-labeled AF750 liposomes were prepared by incorporating AF750-DOPE into the lipid mixture (0.38 mM).

One milliliter of AF-labeled liposomes (neutral, positively, or negatively charged) was intravenously injected into MCAO (n=3--4 per liposome charge) or sham (n=3--4 per group) rats 90 minutes after ischemia induction and sham surgery, respectively. In MCAO animals, the filament was also removed after 90 minutes of occlusion. Thus, labeled liposomes were administered in ischemic rats just when the reperfusion started. All rats were euthanized 90 minutes after liposome administration, and the brain, liver, spleen, kidneys, lungs, and plasma were obtained from all animals. All organs were entirely maintained on ice until ex vivo analysis with an imaging system (Xenogen IVIS^®^ Spectrum; PerkinElmer Inc., Waltham, MA, USA, located at the Molecular Imaging Platform \[PIM\] of the CIBER-BBN-VHIR In Vivo Experimental Platform). Brains were analyzed considering both as the entire organ and after slicing them into 2 mm thick coronal sections in order to explore the exact location of the liposomes. Captured images were then analyzed using the Living Image 4.3.1 software (PerkinElmer Inc.). Liposome signal data were in all cases corrected by subtracting the signal detected in animals free of liposome administration (background). Fluorescent signal data from all tissues were obtained considering the mean value between the anterior and the posterior view. All data obtained by Xenogen IVIS^®^ Spectrum experiments are expressed as radiant efficiency, considered a calibrated measurement of the photon emission from the subject and technically defined as fluorescence emission radiance per incident excitation intensity: photons/s/cm^2^/sr (steradian)/μW/cm^2^.

Liposome kinetics in plasma
---------------------------

Naïve rats intravenously received 1 mL of AF-labeled liposomes neutral or negatively charged (n=3, respectively), whereas positively charged liposomes were discarded in this experiment due to the lack of results obtained in the previous ones. Blood samples were collected from the tail vein after 1.5 hours, 4 hours, or 24 hours of liposomes administration and stored in ethylenediaminetetraacetic acid tubes. Afterward, 50 μL of plasma was placed in 96-well plates and analyzed with the Xenogen IVIS^®^ Spectrum. The fluorescent signal was quantified with the Living Image software, and the results were expressed as radiant efficiency.

Determination of simvastatin in brain tissue (UHPLC)
----------------------------------------------------

The aim of this substudy was to explore the ability of simvastatin to cross the BBB and assess its possible increased accumulation after its encapsulation into liposomes. Sham or MCAO rats were given 1 mL of simvastatin through the tail vein, either free or encapsulated into neutral liposomes (previously chosen in the former substudy), and euthanized at 2 hours (n=16) or 4 hours (n=16) after intravenous (IV) drug administration. Naïve animals (n=4 in each group time) without receiving treatment were also evaluated to correct the background signal. Briefly, under anesthesia, animals were transcardially perfused with a heparin solution in saline followed by pure saline solution, both injected with an infusion pump. Perfusion took 20 minutes and ensured a complete removal of both cerebral blood and circulating simvastatin. Then, brains were removed, divided into ipsilateral (IP) and CL hemispheres, and weighed. Each hemisphere was homogenated separately with a buffer composed of methanol and distilled water (1:1 volume, 5 mL/g of tissue) and sonicated. Homogenate supernatants were stored at −80°C until the analysis was performed in all samples at once.

Simvastatin extraction was performed as previously described.[@b20-ijn-11-3035] One hundred microliters of each sample of brain homogenate was mixed with 100 μL of internal standard (IS) solution (\[^2^H~6~\]-simvastatin hydroxy acid ammonium salt, catalog no: c3520; Alsachim, Illkirch-Graffenstaden, France), which was used to correct simvastatin quantification, and 150 μL of acetonitrile. Then, the mixture was vortexed at 153× *g* for 30 seconds, and 50 μL of 5 M ammonium formate buffer (pH 4) was added. Samples were vortexed again and centrifuged at 13,000× *g* at 4°C for 10 minutes. One hundred microliters of supernatant was transferred into the injection tube, and the resulting mixture was diluted with 100 μL of mobile phase (0.5 mM pH 4.5 ammonium acetate:acetonitrile) (70:30). Tubes were vortexed one more time before the samples were injected.

Chromatographic detection was performed using an Acquity UPLC^®^ System (Waters Corporation, Milford, MA, USA) (High Technology Unit \[UAT\]), with ACQ-binary solvent manager and CQ-sample manager. Separation was done in an ACQUITY BEH 2.1×100 mm phenyl analytical column with precolumn filter. The mobile phase was composed of a mixture of acetonitrile and 0.5 mM ammonium acetate buffer pH 4.5 (30:70) using a gradient elution. Within 1.5 minutes, the concentration was changed to 30% of ammonium acetate buffer and subsequently to 5% of the buffer within 5.25 minutes. Flow rate was 0.25 mL/min. The analytical column was kept at 35°C by column oven, and the solutions were stored in the autosampler at 4°C. The full loop injection mode was set up to inject 5 μL using a 10 μL injection loop. Acetonitrile was used as the strong wash solvent, and 70% ammonium acetate buffer in acetonitrile was used as the weak wash solvent.

Final detection was performed by a tandem mass spectrometry (MS/MS) triple quadrupole system Xevo TQ MS (Waters Corporation) with electrospray ionization in negative mode for simvastatin acid and simvastatin acid-*d*~6~ (IS) and in positive mode for simvastatin, using the following transitions: 1) *m*/*z* =435 to 114.7 and 318 for simvastatin acid, 2) *m*/*z* =441 to 319.9 for IS, and 3) *m*/*z* =419 to 199 for simvastatin. The range of simvastatin acid quantification was from 4 ng/mL to 40 ng/mL in brain homogenate.

Statistical analysis
--------------------

Data were analyzed using the GraphPad Prism_v5 software (GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance for intergroup differences was tested by the Student's *t*-test or the analysis of variance followed by the Bonferroni post hoc test for parametric data. For nonparametric data, the Mann--Whitney or Kruskal--Wallis test followed by Dunn's multiple comparison was performed. For parametric data, bars or symbols represent mean ± SD, and box plots or symbols represent median (interquartile range) for nonparametric data. Two-way analysis of variance was used to compare the liposome signal in plasma over time. A *P*-value \<0.05 was considered statistically significant at a 95% confidence level.

Results
=======

Liposome characterization
-------------------------

Series of liposomal formulations with different lipid membrane compositions and net surface charges were initially prepared to determine the best formulation that allows an optimal permeation to the ischemic brain. [Table 1](#t1-ijn-11-3035){ref-type="table"} summarizes the characteristics of all liposomes used in this study. Three lipid mixtures were studied: 1) LIP1+, consisting of the cationic lipid mixture DLPC/CHOL/CHOL--PEG/CHOL (+); 2) LIP2=, formed by the neutral mixture DLPC/CHOL/CHOL--PEG; and 3) LIP3−, formed by the anionic lipid mixture DLPC/CHOL/CHOL--PEG/DOPA (−) ([Figure 2A--C](#f2-ijn-11-3035){ref-type="fig"}). In all cases, 5% of CHOL--PEG was used as PEGylating agent to yield stealth vesicles, and fluorescent AF750 dye was added to the lipid mixture to obtain fluorescent-labeled liposomes for its in vivo tracking.[@b21-ijn-11-3035] All formulations consisted of small multivesicular vesicles (SUVs) with a mean particle size ranging from 154.60 nm to 171.07 nm.

Cerebral distribution of liposomes
----------------------------------

AF750-labeled liposomes were detected in the whole brain 90 minutes after their administration both in sham and in MCAO animals only when liposomes had neutral or negative zeta potential ([Figure 3](#f3-ijn-11-3035){ref-type="fig"}). A significant signal increase in brain from sham animals was observed only when neutral liposomes administration was compared with the positive ones (neutral: 3.825e+008 \[2.960e+008, 6.150e+008\] vs positive: 3.860e+007 \[0.0, 7.510e+007\], *P*\<0.05) ([Figure 3C](#f3-ijn-11-3035){ref-type="fig"}). Negative liposomes also showed a higher signal than positive ones (negative: 3.05e+008 \[2.11e+008, 3.25e+008\]), although nonsignificantly. In these brains, neutral and negative liposome fluorescence was associated with areas of high vascular density corresponding with the zone of venous sinuses confluence ([Figure 3A](#f3-ijn-11-3035){ref-type="fig"}).

In accordance, ischemic rats administered with neutral liposomes also presented a significant signal increase in the brain only when compared with the signal after the administration of positive liposomes (neutral: 1.320e+009 \[3.040e+008, 2.490e+009\] vs positive: 3.430e+007 \[5.550e+006, 7.890e+007\], *P*\<0.05) ([Figure 3C](#f3-ijn-11-3035){ref-type="fig"}). Again, negative liposomes presented a higher signal than the positive ones but without reaching statistical significance (negative: 1.78e+008 \[1.78e+008, 1.10e+009\]). Similar quantifications were obtained when brains were sliced into coronal sections (data not shown). Remarkably, when liposomes (neutral or negatively charged) were administered in ischemic animals, signal tended to concentrate in the ischemic hemisphere, mostly in the infarcted region, rather than on the CL side. Ischemic region is observed as a pale area in nonfluorescent brain slices, and it is also known considering the patterns of the animal model used ([Figure 3B](#f3-ijn-11-3035){ref-type="fig"}).[@b22-ijn-11-3035]

Liposome distribution in other tissues
--------------------------------------

Ninety minutes after liposome administration, different organs were analyzed by Xenogen IVIS^®^ Spectrum to explore liposome affinity to different tissues depending on their net surface charge. Liver, spleen, kidneys, and lungs were examined in sham (n=11) and ischemic animals (n=10) ([Figure 4](#f4-ijn-11-3035){ref-type="fig"}). Our results show that only sham rats treated with positive liposomes presented a significant accumulation in the liver compared to the neutral and negative liposomes (positive: 2.012e+011±2.120e+010 vs neutral: 1.393e+011±2.319e+010, *P*\<0.05 vs negative: 1.267e+011±2.173e+010, *P*\<0.01) ([Figure 4A](#f4-ijn-11-3035){ref-type="fig"}). Likewise, only sham rats treated with positive liposomes presented a higher signal in lungs compared to neutral liposomes (positive: 7.230e+009 \[6.750e+009, 5.480e+010\] vs neutral: 2.865e+009 \[5.670e+008, 3.970e+009\], *P*\<0.05), while the comparison with negative liposomes did not reach statistical significance (negative: 3.18e+009 \[2.44e+009, 3.6e+009\]; [Figure 4D](#f4-ijn-11-3035){ref-type="fig"}). Nonsignificant differences were observed for the differently charged liposomes when spleen and kidneys were evaluated ([Figure 4B and C](#f4-ijn-11-3035){ref-type="fig"}). No comparison among ischemic groups presented significant differences.

Liposome bioavailability in plasma
----------------------------------

Plasma collected 90 minutes after liposome administration exhibited unexpected differences between liposome-charged groups. Sham animals showed a significant longer blood circulation time of neutral liposomes compared with the positive ones (neutral: 6.445e+007 \[4.960e+007, 6.900e+007\] vs positive: 2.115e+006 \[480,000, 4.840e+006\], *P*\<0.05). Likewise, ischemic rats treated with neutral liposomes showed a significant higher fluorescent signal in plasma compared to animals treated with positive liposomes (neutral: 1.100e+008 \[5.210e+007, 1.250e+008\] vs positive: 3.995e+006 \[1.840e+006, 6.020e+006\], *P*\<0.05) ([Figure 5A and B](#f5-ijn-11-3035){ref-type="fig"}). Here, although fluorescent signal emitted by neutral liposomes was higher than that emitted by negative liposomes in both sham and ischemic animals, differences did not reach statistical significance (sham negative: 4.15e+007 \[1.810e+007, 6.270e+007\]; ischemic negative: 2.240e+007 \[1.830e+007, 2.840e+007\]).

To further study the consequences of administering neutral or negatively charged liposomes, the plasma bioavailability of these two groups was examined in greater detail at different time points. Strikingly, 90 minutes after administration, neutral liposomes exhibited a significantly elevated signal compared to negative liposomes (neutral: 1.437e+008±8.737e+006 vs negative: 6.353e+007±9.278e+006, *P*\<0.001). Similarly, the signal detected for neutral liposomes was also higher 4 hours after administration (neutral: 3.767e+007±1.386e+007 vs negative: 1.470e+007±4.987e+006, *P*\<0.05), whereas hardly any signal was observed at 24 hours in any of the groups ([Figure 5C and D](#f5-ijn-11-3035){ref-type="fig"}).

Simvastatin detection in the brain
----------------------------------

Considering the results of our first substudy, neutral liposomes were selected as the proper candidates for brain delivery. Consequently, in order to study simvastatin arrival into the brain, neutral liposomes were characterized after being loaded with the drug (LIP4S) ([Figure 6A](#f6-ijn-11-3035){ref-type="fig"}). When loaded with simvastatin, neutral liposomes showed a mean diameter of 151.85 nm (polydispersity index =0.15) and a neutral surface charge of −1.01 mV. The encapsulation efficiency of simvastatin by liposomes was 64.37%±7.55%. By cryogenic transmission electron microscopy analysis, it was also observed that liposomes incorporating the simvastatin still presented the characteristic small multivesicular vesicles (SUV) morphology ([Figure 6B](#f6-ijn-11-3035){ref-type="fig"}).

Here, it is important to mention that by analyzing brain hemisphere homogenates by UHPLC technique, we were able to detect both simvastatin forms (active and inactive), although simvastatin administered to animals was entirely activated following the aforementioned protocol ("Liposome formulation and characterization" section).

An IS consisting in simvastatin hydroxy acid ammonium salt was used to correct simvastatin quantification. As shown in [Figure 6C--E](#f6-ijn-11-3035){ref-type="fig"}, the three peaks corresponding to active simvastatin, IS, and inactive simvastatin, respectively, were easily distinguishable. The three peaks were observed in all analyzed samples.

Through UHPLC technique, we were able to demonstrate that free active simvastatin was able to cross the BBB ([Figure 7A](#f7-ijn-11-3035){ref-type="fig"}), as it was detectable in rat brains 2 hours after administration. In general terms, higher active simvastatin levels were detected when rats were euthanized at 2 hours compared with 4 hours posttreatment. This difference was clearly evidenced when active simvastatin levels were compared between IP ischemic groups (IP ischemic \[isch\] 2 hours: 2.6 \[2.3, 3.8\] vs IP isch 4 hours: 0.85 \[0.3, 1.4\], *P*\<0.05). Interestingly, ischemic brains showed higher simvastatin accumulation in the IP hemisphere than in the CL hemisphere (2 hours: IP isch: 2.6 \[2.3, 3.8\] vs CL isch: 1.8 \[0.0, 2.4\], *P*\<0.05), whereas no differences were detected between hemispheres in brains from sham animals.

Concerning the detection of free simvastatin in its inactive form ([Figure 7B](#f7-ijn-11-3035){ref-type="fig"}), higher amounts were also obtained after 2 hours compared to 4 hours in the ischemic groups (IP isch 2 hours: 81 \[66, 88\] vs IP isch 4 hours: 9.6 \[4.8, 17.30\], *P*\<0.05; and CL isch 2 hours: 77.10 \[75.50, 85.70\] vs CL isch 4 hours: 7.6 \[4.7, 13.30\], *P*\<0.05). Contrarily, no differences were found between inactive simvastatin in the ischemic areas compared to the CL or sham brains.

We then focused on the comparison between simvastatin levels in the rat brain when it was intravenously administered encapsulated into liposomes or as a free drug. Regarding detection of the active form ([Figure 7C](#f7-ijn-11-3035){ref-type="fig"}), we observed higher levels when it was encapsulated compared with the free form in sham animals, although the difference was significant only at 4 hours post administration (sham free 4 hours: 0.35 \[0.3, 0.4\] vs sham liposomes (lipos) 4 hours: 0.65 \[0.6, 0.9\], *P*\<0.05). In contrast, no differences were observed when comparing free and encapsulated administration in ischemic animals at any of the evaluated times (isch free 2 hours: 2.6 \[2.3, 4.7\] vs isch lipos 2 hours: 3.35 \[1.3, 2.4\] and isch free 4 hours: 0.85 \[0.3, 1.4\] vs isch lipos 4 hours: 0.9 \[0.5, 1\]).

Finally, we evidenced that simvastatin levels in the nonactive form were almost negligible when the drug was encapsulated into liposomes ([Figure 7D](#f7-ijn-11-3035){ref-type="fig"}). Thus, ischemic rats treated with the free form presented significantly higher brain retention of inactive simvastatin at both 2 hours and 4 hours than when it was previously encapsulated (isch free 2 hours: 81.40 \[66.0, 88.20\] vs isch lipos 2 hours: 7.95 \[0.2, 12.40\], *P*\<0.05, and isch free 4 hours: 9.65 \[4.8, 17.30\] vs isch lipos 4 hours: 1.2 \[0.9, 1.4\], *P*\<0.05).

Discussion
==========

As previously described, the use of a liposomal drug delivery system is a promising strategy to avoid side effects and enhance drug efficiency by changing the distribution of the intact drug.[@b12-ijn-11-3035] Liposomes show several advantages, such as biocompatibility or nontoxicity, ability to protect their cargo from degradation by plasma enzymes, and the capacity to transport their load across biological membranes.[@b23-ijn-11-3035] To date, liposomes have been used clinically as delivery systems for therapeutic chemotherapeutic agents, antibiotics, and antifungals showing an increase in the safety and efficacy of some drugs.[@b24-ijn-11-3035] Taking into account the difficulty for neuroprotectants to reach the target zone due to the BBB characteristics, we considered that the development of a suitable liposomal carrier to encapsulate neuroactive compounds was highly encouraging.

Aggarwal et al[@b25-ijn-11-3035] previously stated that nanoparticle properties such as size, shape, solubility, surface modifications, and surface charge (zeta potential) can determine their distribution within the body. For instance, the presence of PEG on the surface of liposomes has been shown to extend blood circulation time while reducing mononuclear phagocyte system uptake and consequently decreasing their recognition by the liver and spleen.[@b21-ijn-11-3035],[@b26-ijn-11-3035] On the other hand, plasma proteins are described as binding the surface of nanoparticles immediately upon their introduction into a physiological environment, forming a nanoparticle--protein complex that affects the internalization process of nanoparticles into macrophages and their overall distribution throughout the body.[@b25-ijn-11-3035],[@b27-ijn-11-3035],[@b28-ijn-11-3035] Accordingly, Gessner et al[@b29-ijn-11-3035] postulated plasma protein absorption as a key factor for the in vivo organ distribution of intravenously administered colloidal drug carriers and concluded that this biodistribution was strongly influenced by the surface characteristics of nanoparticles.

In this study, we produced and characterized liposomes with different net surface charges to show how liposome surface charge helps to define their behavior and distribution, supporting the aforementioned hypothesis.

From our data, and in spite of the small sample size of the groups, we can conclude that positively charged liposomes present different behaviors in comparison to neutral or negatively charged ones. Positive liposomes were not detectable in brain tissue, which was likely attributable to different factors. On one hand, they were also absent in plasma 90 minutes after administration, probably due to the high plasma protein absorption. Accordingly, Hernández-Caselles et al[@b30-ijn-11-3035] found a good correlation between the amounts of blood proteins absorbed by liposomes and their stability, the liposomes with the highest protein intake being the most unstable. Furthermore, in another study, cationic particles were found to strongly bind to human erythrocytes, and this fact was reported to lead to the impossibility of liposomes crossing the BBB in the presence of blood cells.[@b31-ijn-11-3035] On the other hand, we could detect positively charged liposomes significantly retained in lungs and liver compared with the other two liposomes. In this sense, retention of particles in the lungs consequently impedes their circulation in the blood stream, while Kupffer cells in the liver have been described as playing an important role in also removing liposomes from the circulation, thus accelerating their elimination process.[@b32-ijn-11-3035]

When we analyzed the liposome detection in brains from sham or ischemic rats, we observed that neutral and negative liposomes were able to cross the BBB, either when its permeability was altered (after MCAO) or when it remained intact (sham animals). Data from sham animals turned out to be quite homogenous, whereas higher intragroup variability was obtained among ischemic rats, probably attributable to the lesion severity.

Furthermore, we demonstrated that negative and neutral liposomes were prone to accumulate in the ischemic core of the brain. In this sense, we consider that the BBB disruption in this area, as well as the inflammatory processes around the ischemic lesion, is responsible for this interesting accumulation, thus agreeing with the statement of Schroeder et al, who consider that the great interest in liposomal delivery systems stems from their ability to accumulate in sites of increased vascular permeability.[@b33-ijn-11-3035]--[@b36-ijn-11-3035]

From our results, we speculate that whereas in sham animals liposome--cell interactions are needed to cross the BBB, liposomes can take advantage of the endothelium damage, a phenomenon usually called "passive targeting", in ischemic animals, leading to a higher local accumulation in the infarcted area.[@b36-ijn-11-3035],[@b37-ijn-11-3035]

The presence of liposomes in plasma for 4 hours indicated that, without charge, liposomes presented higher bioavailability as their signal was significantly higher compared with the negative and positive particles. Again, as observed in the brain, positive liposomes seemed to undergo a process of degradation, as no fluorescent signal could be detected at 4 hours. Regarding the lack of signal in brain and plasma, showing the inability to cross the BBB or the poor bioavailability, we considered positively charged liposomes as poor candidates to deliver neuroprotectant drugs into the brain and discarded them for further experiments in our study. Additionally, in order to examine whether neutral or negatively charged liposomes were the most proper delivery carriers, a plasma kinetics study was performed, analyzing blood liposome signals from naïve animals at different time points. Neutral liposomes showed a more intense fluorescent signal both at 90 minutes and at 4 hours after being administered. Concordantly, some in vitro studies have demonstrated that neutral particles have slower opsonization rates than charged particles, thus preventing their phagocytosis and contributing to a prolonged presence in plasma.[@b28-ijn-11-3035],[@b38-ijn-11-3035]

Taken as a whole, several factors seem to affect liposome distribution, and their surface charge is undoubtedly a determinant to be taken into consideration in future therapeutic strategies. However, regarding the controversial literature previously published in which particle cationization is considered a way to improve the ability of particles to cross the BBB, we support other authors who concluded that the type of lipid mixture was also a key feature that can affect the rate of liposome clearance.[@b24-ijn-11-3035],[@b39-ijn-11-3035] Our hypothesis is that the vast possibilities of liposome fabrication and the infinite drugs that can take advantage of its encapsulation make it really difficult to draw comparisons between previously published studies. Nevertheless, we reached the same conclusion as relevant systematic studies that have evaluated the pharmacokinetics and biodistribution of charged PEGylated liposomes: negative particles exhibit strong reticuloendothelial system uptake; positive particles induce serum protein aggregation and neutral nanoparticles exhibit the least reticuloendothelial system interaction and the longest circulation, being the most suitable ones.[@b40-ijn-11-3035]

The experiments on simvastatin analysis in rat brain after IV administration corroborated its ability to cross the BBB per se, as other authors previously stated.[@b41-ijn-11-3035],[@b42-ijn-11-3035] Simvastatin is lipophilic in nature and therefore easily diffuses across enterocytes' cell membranes. Interestingly, the highest accumulation was observed in infarcted hemispheres of ischemic animals, probably due to BBB alteration after ischemia. As other studies reported, with the BBB being weakened, systemically administered drugs can undergo enhanced extravasation rates in the cerebral endothelium, leading to increased parenchymal drug concentrations.[@b43-ijn-11-3035] Moreover, we could detect more simvastatin in the rat brain at 2 hours than at 4 hours after being administered. It is reasonable that the drug concentration decreases while being in the tissue, and it is also in agreement with Bellosta et al,[@b44-ijn-11-3035] who reported simvastatin elimination half-life (*t*~1/2~ \[hours\]) as 2--3 hours. On the other hand, it should be emphasized that simvastatin is an inactive hydrophobic lactone prodrug, which is commonly administered orally. After oral administration, it is described as being metabolized in vivo to several more polar and pharmacologically active compounds by both liver and plasma esterases.[@b45-ijn-11-3035]--[@b47-ijn-11-3035] Given that some stroke patients suffer from dysphagia, we consider that parenteral statin administration would represent an improvement for their clinical management. This is the reason why, in our study, simvastatin was activated before its encapsulation and/or intravenously administered. Our aim was to optimize the amount of active simvastatin and consequently its effect. Strikingly, but in accordance with others, we observed that simvastatin metabolism is reversible and that interconversion occurs between the lactone (inactive) and acid (active) forms.[@b45-ijn-11-3035],[@b48-ijn-11-3035] Consequently, we detected both forms when analyzing brain samples through UHPLC technique.

Remarkably, simvastatin encapsulation into liposomes exhibited some unexpected results. First, and contrarily to our hypothesis, we did not detect higher active simvastatin accumulation in ischemic brain region after being encapsulated into liposomes. Second, sham animals presented more simvastatin accumulation when administered in liposomes. Third, liposomes seem to prevent simvastatin deactivation, as animals treated with encapsulated simvastatin presented very low levels of the inactive form.

Although our data showed similar levels of active simvastatin in ischemic areas after free or encapsulated simvastatin administration, thus not demonstrating an enhancement in drug delivery occurred, we could state that liposomes do not impede simvastatin brain penetration. In this regard, variability among infarct sizes and small sample size could have negatively interfered with our data. At this point, we assume the impossibility of calculating infarct volumes as a clear limitation of the study. Correlation between infarct severity and liposome accumulation in brain would undoubtedly be of high interest.

On the other hand, data obtained from sham animals are highly remarkable. We observed that when encapsulated, simvastatin can be easily retained in brain tissue compared with free simvastatin. This could become an important improvement for those human patients, who receive simvastatin as a preventive treatment. A higher simvastatin brain accumulation could enable a dose reduction and, consequently, fewer possibilities to suffer secondary effects.

Finally, the effect of liposomes on altering simvastatin interconversion from active to inactive form would also represent a clear advantage. In this sense, Skottheim et al[@b49-ijn-11-3035] reported that simvastatin lactone showed 37-fold higher potential to induce myotoxicity compared to its acid forms in a study with human skeletal muscle cells in vitro. Furthermore, a remarkable increase in metabolic clearance was noted in another study, for all statin lactones compared with their acid forms.[@b48-ijn-11-3035] In accordance with these results, Romana et al[@b11-ijn-11-3035] reported that nanodelivery systems such as liposomes might solve statin problems including adverse effects on muscles and liver or their poor bioavailability. As we were able to demonstrate that liposomes can accumulate in the infarct area and also that simvastatin can be delivered after being encapsulated, further in vivo studies are needed in order to explore the neuroprotection effect of encapsulated simvastatin, as well as other attributable beneficial effects such as liver or muscle toxicity reduction.

Conclusion
==========

This study confirms that liposome charge is critical to promote its accumulation in the brain infarct area after transient MCAO. Furthermore, encapsulation into neutral liposomes does not hamper simvastatin from being delivered in brain tissue. Thus, simvastatin encapsulation might be a promising strategy to ensure that the drug reaches the brain, while increasing its bioavailability and reducing possible side effects.

We are grateful to Yolanda Fernández Amurgo and Anna Pujol Esclusa for their excellent technical support with ex vivo imaging experiments. The research leading to these results received funding from the European Union's Seventh Framework Program (FP7/2007-2013) under grant agreements number 201024 and number 202213 (European Stroke Network). Neurovascular Research Laboratory takes part in the Spanish stroke research network INVICTUS (RD12/0014/0005). This study was partially funded by projects FIS 11/0176 on stroke biomarkers research and EC07/90195 on increasing safety and efficacy of simvastatin neuroprotection. Simvastatin was a donation from Grupo Uriach, Barcelona, Spain.

**Disclosure**

MC-M is supported by a predoctoral fellowship grant (FI 10/00508), and MH-G and AR are senior researchers in the Miguel Servet Program (CP12/03259 and CP09/00265), all three from the Instituto de Salud Carlos III of the Spanish Ministry of Economy. AS is supported by a predoctoral fellowship (2015 FI_B 00952) from the Agencia de Gestió d'Ajuts Universitaris i de Recerca de Catalunya. The authors report no other conflicts of interest in this work.

![Diagram summarizing the number of animals included (Incl) and excluded (Excl) per substudy.\
**Abbreviations:** MCAO, middle cerebral arterial occlusion; h, hours.](ijn-11-3035Fig1){#f1-ijn-11-3035}

![CryoTEM images of liposomes formed by the lipid mixtures.\
**Notes:** (**A**) DLPC/CHOL/CHOL--PEG/CHOL (+), (**B**) DLPC/CHOL/CHOL--PEG (=), and (**C**) DLPC/CHOL/CHOL--PEG/DOPA (−). Scale bar: 200 nm.\
**Abbreviations:** CryoTEM, cryogenic transmission electron microscopy; DLPC, 1,2-didodecanoyl-*sn*-glycero-3-phosphocholine; CHOL, cholesterol; CHOL--PEG, cholesteryl--polyethylene glycol 600 sebacate; DOPA, 1,2-dioleoyl-*sn*-glycero-3-phosphoric acid monosodium salt.](ijn-11-3035Fig2){#f2-ijn-11-3035}

![Representative ex vivo rat brain images and fluorescent signal quantifications captured by an imaging system (Xenogen IVIS^®^ Spectrum).\
**Notes:** (**A**) Whole brain of representative sham and infarcted ischemia rats receiving different net surface charged liposomes. (**B**) Representative sliced rat brain after being submitted to an MCAO and receiving neutral liposomes. Fluorescent signal colocalized with infarcted area. (**C**) Quantifications of liposome-emitted signal in sham and MCAO rat brain expressed as radiant efficiency. Images are adjusted to the scale positioned beside. Data present four independent experiments in which three to four animals per group were included. Median values (interquartile range) are represented and significant differences are indicated as \**P*\<0.05.\
**Abbreviations:** LIP1+, positive liposomes; LIP2=, neutral liposomes; LIP3−, negative liposomes. MCAO, middle cerebral arterial occlusion; p, photons; sec, seconds; sr, steradian.](ijn-11-3035Fig3){#f3-ijn-11-3035}

![Fluorescent signal quantifications of images captured by Imaging system (Xenogen IVIS^®^ Spectrum) considering distribution of differentially charged liposomes within the body in sham and MCAO rats.\
**Notes:** Liposome accumulation in (**A**) liver, (**B**) spleen, (**C**) kidneys, and (**D**) lungs. In each group, three to four animals were included. Mean ± SD or median values (interquartile range) are represented depending on normality data distribution and significant differences are indicated as \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** +, positive; =, neutral; −, negative; MCAO, middle cerebral arterial occlusion; SD, standard deviation.](ijn-11-3035Fig4){#f4-ijn-11-3035}

![Presence of liposomes in plasma.\
**Notes:** (**A**) Plasma collected from sham or ischemic rats 90 minutes after receiving liposomes. Median values (interquartile range) are represented and significant differences are indicated as \**P*\<0.05. (**B**) Representative plasma image of one experiment. (**C**) Liposome kinetics in plasma. Blood was collected from naïve rats (with no surgical procedure) after 1.5 hours, 4 hours, and 24 hours of receiving neutral or negatively charged liposomes. Symbols indicated mean ± SD. (**D**) Image representing data on graph (**C**). Images are adjusted to the scale positioned beside. In all experiments, three to four animals per group were considered. Significant differences are represented as \**P*\<0.05, and \*\*\**P*\<0.001.\
**Abbreviations:** +, positive; =, neutral; −, negative; MCAO, middle cerebral arterial occlusion; h, hours; p, photons; sec, seconds; sr, steradian; SD, standard deviation.](ijn-11-3035Fig5){#f5-ijn-11-3035}

![Simvastatin-loaded liposome characterization.\
**Notes:** (**A**) Structure and composition of neutral liposome compounds used in detection experiments. (**B**) CryoTEM image of liposomes with simvastatin encapsulated formed by the lipid mixture DLPC/CHOL/CHOL--PEG (scale bar: 200 nm). (**C**--**E**) UHPLC chromatographic profile of peaks corresponding to (**C**) active simvastatin (also named acid simvastatin), (**D**) IS (simvastatin hydroxy acid ammonium salt), and (**E**) inactive simvastatin (also named lactone). For each compound analyzed, retention time (expressed in minutes) and transition are presented.\
**Abbreviations:** CryoTEM, cryogenic transmission electron microscopy; DLPC, 1,2-didodecanoyl-*sn*-glycero-3-phosphocholine; CHOL, cholesterol; CHOL--PEG, cholesteryl--polyethylene glycol 600 sebacate; UHPLC, ultra-high-protein liquid chromatography; IS, internal standard; DOPE, 1,2-dioleoyl-*sn*-glycero-3-phosphoethanolamine; simv, simvastatin; min, minute; PEG, polyethylene glycol.](ijn-11-3035Fig6){#f6-ijn-11-3035}

![Simvastatin detection in brain tissue through UHPLC technique after intravenous administration of 1 mL of free simvastatin or simvastatin encapsulated into neutral liposomes.\
**Notes:** All rats were treated with the same simvastatin dose (20 mg/kg). Rats were submitted to sham or MCAO surgery, treated 90 minutes later, and killed 2 hours or 4 hours after treatment administration. (**A**) Detection of simvastatin in its active form when rats were treated with free simvastatin and euthanized 2 hours or 4 hours later. (**B**) Detection of simvastatin in its lactone form (inactive) when rats were treated with free simvastatin and killed 2 hours or 4 hours later. (**C**) Detection of simvastatin in its active form in IP hemispheres when rats were treated with free or encapsulated simvastatin and killed 2 hours or 4 hours later. (**D**) Detection of simvastatin in its lactone form (inactive) in IP hemispheres when rats were treated with free or encapsulated simvastatin and killed 2 hours or 4 hours later. In all experiments, three to five animals per group were included. Box plots indicated median (interquartile range). After applying Mann--Whitney test, significant differences are represented as \**P*\<0.05 for comparisons between sham and ischemic animals, ^\#^*P*\<0.05 for comparisons between IP and CL hemispheres (A) and Free and Lipos treatments (C, D) and ^†^*P*\<0.05 for comparisons between 2 hours and 4 hours. Broken lines represent background signal detected through UHPLC technique when brains of naïve animals without receiving treatment were analyzed.\
**Abbreviations:** UHPLC, ultra-high-protein liquid chromatography; MCAO, middle cerebral arterial occlusion; IP, ipsilateral; CL, contralateral; IS, internal standard; simv, simvastatin; h, hours; Isch, ischemic; Lipos, liposomes.](ijn-11-3035Fig7){#f7-ijn-11-3035}

###### 

Liposome composition and characterization

  Sample   Liposome lipid composition                    Encapsulated          *ζ* potential (mV)   Mean size (nm)   PDI
  -------- --------------------------------------------- --------------------- -------------------- ---------------- ------
  LIP1+    DLPC 50%/CHOL 10%/CHOL--PEG 5%/CHOL (+) 35%   PBS                   +30.17               157.57           0.12
  LIP2=    DLPC 50%/CHOL 45%/CHOL--PEG 5%                PBS                   +2.21                171.07           0.10
  LIP3−    DLPC 50%/CHOL 45%/CHOL--PEG 5%/DOPA (−) 35%   PBS                   −38.30               154.60           0.19
  LIP4S    DLPC 50%/CHOL 45%/CHOL--PEG 5%                Simvastatin 6 mg/mL   −1.01                151.85           0.15

**Abbreviations:** PDI, polydispersity index; DLPC, 1,2-didodecanoyl-*sn*-glycero-3-phosphocholine; CHOL, cholesterol; CHOL--PEG, cholesteryl--polyethylene glycol 600 sebacate; PBS, phosphate-buffered saline; DOPA, 1,2-dioleoyl-*sn*-glycero-3-phosphoric acid monosodium salt.
